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Abstract
A 48% increase in worldwide energy demand is expected by 2040, which will require expansion of electrical
power transmission infrastructure. 1 Expanded long-distance transmission grids in China, the United States,
and elsewhere are expected to make greater use of high-voltage direct current (HVDC) transmission, the
preferred technology for long distances.2 Conventional aluminum- conductor steel-reinforced (ACSR) cables
are not well suited for HVDC transmission due to the presence of the heavy, poorly conducting steel core
needed for strength and sag-resistance. Al/Ca composite conductors with monolithic construction produced
by powder metallurgy and deformation processing have shown promise as a possible next-generation
conductor for this application.
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INTRODUCTION 
A 48% increase in worldwide energy demand is expected by 2040, which will 
require expansion of electrical power transmission infrastructure. 1 Expanded 
long-distance transmission grids in China, the United States, and elsewhere 
are expected to make greater use of high-voltage direct current (HVDC) trans-
mission, the preferred technology for long distances. 2 Conventional alumi-
num-conductor steel-reinforced (ACSR) cables are not well suited for HVDC 
transmission due to the presence of the heavy, poorly conducting steel core 
needed for strength and sag-resistance. Al/Ca composite conductors with 
monolithic construction produced by powder metallurgy and deformation pro-
cessing have shown promise as a possible next-generation conductor for this 
application. 
Deformation-processed metal-metal composites (DMMCs) provide an 
appealing approach for producing lightweight materials with high strength 
and high conductivity. DMMCs can be produced by powder metallurgy and 
severe plastic deformation, resulting in nano-filamentary reinforcement. 
Extensive study of this class of materials has shown they exhibit strength that 
increases exponentially with true strain while maintaining conductivity close 
to the rule-of-mixtures prediction.3 Both materials in the composite must be 
highly ductile in order to withstand the extensive deformation processing 
without fracturing. The proposed conductor material utilizes Al as the primary 
phase and Ca as the secondary reinforcement phase, both starting as elemen-
tal powders. They are mixed and deformed into sub-micrometre-thickness 
filaments with extremely high aspect ratio during wire drawing, resulting in 
interface strengthening. Al and Ca are ductile fee metals with high conductiv-
ities , similar mechanical properties, and low densities . 
The first generation of Al/Ca conductors proved the strengthening mecha-
nism of the material but was limited by the coarse Ca powder particle size 
used. 4 The second-generation material, Al/Ca (20 vol.%), was made with 
high-purity powders with smaller powder particle sizes, enabling strengths 
superior to existing cable technologies. 5 One key finding from these studies 
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was the identification of a transformation of the rein-
forcing Ca phase to an Al2Ca intermetallic at tempera-
tures as low as 175 °C, a temperature sometimes 
reached by transmission conductors during periods of 
heavy electrical demand.4•5 
This study examines the effect of intentionally con-
verting the reinforcement phase to an intermetallic 
species in order to produce a material with high-tem-
perature stability while retaining the superior perfor-
mance properties that have been shown in the 
prior-generation materials. A reduced initial volume 
loading of Ca was necessary to compensate for volume 
expansion during transformation and an expected 
increase in resistivity. A formulation with 11.5 vol.% Ca 
was chosen with the aim of producing a composite with 
18 vol.% Al2Ca, found in previous research to be a desir-
able DMMC reinforcement fraction. 6 Microstructure, 
temperature stability, conductivity, and mechanical 
properties were investigated in both Al/ Ca and Al/ Al2Ca 
composite samples. 
EXPERIMENTAL PROCEDURE 
12 
An Al/Ca conductor sample was prepared starting 
from metal powders produced at Ames Laboratory. Alu-
minum powder with 99.99% purity was produced by a 
gas-atomization reaction synthesis (GARS) process, 
with particle sizes of 45-75 µm being used. Calcium of 
99.5% purity was made by centrifugal atomization with 
a rotating quench bath (CARQB); a system specifically 
designed for producing fine Ca powders. The first-
generation material4 used large, commercial Ca 
granules (1.2 mm), and the second5 used Ames Lab Ca 
with D50 = 200 µm. A smaller starting Ca powder size 
allowed filaments in this third-generation material to be 
smaller after deformation (see above), so Ca of even 
smaller size (75-125 µm, D50 = 111) was selected for the 
material used in this study. Powders were weighed 
(155.45 g Al, 11.45 g Ca, which is 11.5 vol.% Ca) then 
mixed with a Turbula multi-axis mixer for 30 minutes. 
The mixed powders were then die compacted with a 
pressure of 61.2 MPa into cylindrical compacts 
(diameter= 72 .1 mm). An 83.8% relative density was 
achieved based on the rule of mixtures (ROM) , in close 
agreement with the expected compressibility of Al pow-
der. 7 The compacted "pucks" were stacked in a pure Al 
(1100-H14 alloy) can with outer diameter 90.7 mm, 
inside diameter 78 mm, and interior height 196.8 mm. 
The can was wrapped in heating tape to warm it to 
about 200 °C as it outgassed under vacuum (10-4 Pa) 
and then it was sealed by electron-beam welding. Indi-
rect extrusion was performed at the TU Berlin Extru-
sion Research and Development Center at a temperature 
of 285 °C with an exit-die diameter of 21 mm, giving an 
effective extrusion ratio of 14.9 when accounting for the 
porosity and void space present in the billet. A rod with 
length of approximately 275 cm was produced and 
returned to Ames Lab to undergo further deformation. 
Ultrasonic inspection of the tail section was utilized to 
identify the point at which there was no longer material 
from the extrusion can in the core of the rod. After 
removing this portion, the rod was sectioned into 
quarters, and the can material was machined from the 
rod's exterior with a lathe. This final rod diameter 
(15.8 mm) was reduced at room temperature by swag-
ing to 0.690 mm, at which point wire drawing was used 
to reduce it further to 0.11 mm. The excellent ductility 
of the components in the composite allowed all defor-
mation processing to be performed without any stress-
relief annealing. Various sample diameters were 
retained as deformation progressed to study the effect 
of strain on material properties. 
Selected wire sizes were analyzed by differential scan-
ning calorimetry (DSC) to identify the temperature at 
which the transformation of the reinforcement phase to 
Al2Ca occurred. A Netzsch STA449 Fl DSC system was 
used with a heating rate of 20 °C/min. Small pieces of 
wire were then sealed in Ar-filled quartz ampoules and 
heat-treated at 260 °C for 420 s. DSC on these samples 
was run to confirm that the intermetallic transforma-
tion was complete. SEM images were taken before and 
after transformation to determine whether the 
heat-treatment process had gone beyond simple con-
version to the intermetallic and caused undesirable 
sinusoidal instabilities in the reinforcement filaments. 8•9 
Based on these findings, samples of various sizes were 
heat treated to transform the Ca reinforcement phase to 
~Ca intermetallic in a temperature-controlled tube 
furnace for later use in characterization experiments. 
The exposure time used varied from 3 minutes for the 
TABLE I. WIRE SIZES AND TRUE STRAIN LEVELS FOR 
STUDY OF THIRD GENERATION Al/Ca WIRES 
Diameter (mm) 
2.97 
2.16 
0.94 
0.50 
0.40 
0.31 
0.20 
0.11 
True Strain 11 
6.11 
6.74 
8.41 
9.67 
10.1 
10.6 
11.5 
12.7 
TABLE II. Al2Ca DSC PEAK MAXIMUMS FOR VARIOUS 
DEFORMATION TRUE STRAIN LEVELS 
True Strain 11 
11 .5 
9.67 
8.41 
Max Temp (0 C) 
264 
269 
269 
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finest wires (rJ = 12. 7) to 15 minutes for the largest wires 
(rJ = 6.11) studied. Investigation of microstructure, elec-
trical conductivity, and tensile strength was performed 
on both Al/Ca and Al/ Al2Ca wire at various strain lev-
els. The deformation true strain (ri) was calculated 
according to Equation 1 where di and dr are the initial 
and final wire diameters , respectively. Table I shows the 
different wire sizes used for this study along with the 
corresponding true strain values. 
(1) 
Microstructure was studied using a FE! Teneo LoVac 
Field-Emission Scanning Electron Microscope (FE-SEM). 
Samples were prepared for examination by dry polish-
ing to avoid the corrosive effects of water on the calcium 
filaments. The smallest wire samples (ri = 12. 7) utilized 
focused ion-beam cutting prior to imaging, in lieu of 
polishing, to avoid exposure to air and water. 
The electrical conductivity of wires at all strain levels 
included in Table II , for both Ca and intermetallic rein-
forced samples, was determined by four-point measure-
ment according to ASTM B 193-16. 10 A series of currents 
was applied with a Keithley 6220 Precision Current 
Source, and the voltage difference was measured with a 
Keithley 2182A nanovoltmeter. The accuracy of this 
measurement technique was confirmed with copper 
and stainless steel standards of known conductivity. 
Measurements were taken at room temperature (20 °C), 
which allows direct comparison to tabulated values of 
other conductors. 11 
Tensile testing was done with multiple instruments to 
accommodate the various wire sizes that were exam-
ined. The larger samples (ri<7) were tested using an 
Instron 3367 instrument with an elongation rate of 
2 mm/min. For samples with 8<r]< 12 the tensile 
strength was determined using a Zwick/Roell Z 
2.5 instrument with the same elongation rate. For the 
0.11-mm diameter (rJ =12.7) wire , tests were completed 
at Psylotech's facility using their µTS under microscope 
universal test system allowing for precision measure-
ments at low forces. For each technique, the average of 
at least three independent measurements of the ulti-
mate tensile strength (UTS) was reported. UTS was used 
since it is more reproducible and reliable than yield 
strength for small specimens and is the strength value 
most often cited for transmission conductor materials. 12 
RESULTS AND DISCUSSION 
Differential Scanning Calorimetry Measurements 
on Al/Ca (11 .5 vol.%) Composite 
Differential scanning calorimetry tests were per-
formed on Al/ Ca ( 11 . 5 vol.%) composite wires of various 
sizes to identify microstructure transformations at ele-
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vated temperatures. Studies on the previous genera-
tions of Al/Ca composite showed two exothermic events 
that were confirmed by X-ray diffraction (XRD) to be the 
formation of Al4Ca and Al2Ca intermetallics. 4 The intent 
of this current study was to transform the reinforce-
ment phase to A12Ca, so it was desired to identify the 
temperature of this particular event for the current for-
mulation. Figure 1 shows the results of DSC experi-
ments on three different wire samples that had not 
received any heat treatment prior to testing. 
The A12Ca phase has a high melting point (1,075 °C) 
with good creep resistance 13 and these characteristics 
are believed to stabilize the shape of reinforcement fila-
ments against spheroidization and coarsening, that can 
cause degradation of both strength and conductivity. 12 
The Al4Ca peak has a lower magnitude of enthalpy of 
formation (-43.9 ± 4.2 kJ/mol) than A12Ca (-73.2 ± 
4.2 kJ /mo!), contributing to the smaller exotherm of the 
former .14 Table II shows that the temperature at which 
the Al2Ca event peak occurs is lower for wires with 
greater strain, most likely because the smaller filament 
spacing creates a shorter diffusion path for the forma-
tion of the intermetallic compound and a greater 
Gibbs-Thomson curvature effect. 12 A prominent peak 
for the formation of A14Ca is seen only in samples with 
high strain (ri>9.5), since Al4Ca can be formed quickly 
at clean interfaces resulting from mechanical working15 
before being consumed in the transformation to A12Ca. 
Wires with larger filament spacing do not inter-diffuse 
rapidly enough at the high heating rate used, to form an 
isolated Al4Ca intermetallic phase at the temperature 
seen for smaller wires (220 °C) , and the two event peaks 
begin to merge. Further study of the activation energy 
for diffusion of each atom type into the other is neces-
sary to understand the kinetics of the intermetallic 
phase formation better. 
Based on the results from Table II, small pieces of 
0.6 -c=-~===;------~~= r---------<:~  0.5 ~= 11.S 
-ri=9.67 
0
·
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Figure 1. DSC curves of Al/Ca (11.5 vol.%) wires with various deformation 
true strain levels 
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Figure 2. DSC curves of Al/Ca wire after heat treatment with comparison to 
untreated samples 
select wires were sealed under argon and heat treated 
in a furnace at 260 °C for 420 s. The objective was to 
transform the Ca filaments to Al2Ca but without exces-
sive exposure to high temperature. Doing so could 
potentially lead to diffusion along the interface, creating 
sinusoidal perturbations, giving a "string of pearls" 
morphology. 6 DSC tests were performed on these wires 
that underwent a "flash" heat treatment to confirm the 
completion of reinforcement phase transformation seen 
in the suppression of the exothermic peaks, as shown 
by Figure 2. 
Based on these results , it appears that the smaller 
wires were fully transformed while the largest sample 
still had trace amounts of pure Ca in the reinforcement 
filaments. After transformation to intermetallic rein-
forcement the wire microstructure becomes more sta-
(a) 
ble, making it resilient (highly resistant to Joule heating 
effects), even during emergency overloading. These DSC 
results were used in conjunction with microstructural 
analysis to determine an appropriate heat-treatment 
schedule for the array of wires to be used for further 
testing. 
Microstructural Analysis of Al/Ca (11.5 vol.%) and 
Al/Al2Ca (18 vol.%) Composites 
The microstructures of DMMCs have been studied in 
great detail in the past several decades3•6•16 and in 
recent years for the Al/Ca composite system.4•5•17 
Figure 3 shows that the "swirled" ribbon-shaped mor-
phology seen in the prior generation of Al/Ca composite 
exists at lower strain levels but it is altered by extensive 
mechanical working. The resultant morphology is in 
contrast to the expectations of classic composite mor-
phology theory that predicts cylindrical filaments due to 
axi-symmetrical deformation for a fee secondary phase 
in a fee matrix. A possible explanation is a temporary 
crystal structure transformation in Ca from fee to bee 
during extrusion that leads to plane-strain deforma-
tion, giving rise to the ribbon like shape,4•5·6 but this 
has not been further explored in this study. 
With conversion of Ca filaments to Al2Ca, the micro-
structure undergoes changes that have a direct impact 
on the performance of the material. Figure 4 shows evi-
dence of change in the reinforcement filaments in the 
longitudinal direction. The Ca second phase displays a 
long, continuous morphology with nearly uniform 
thickness . One critical concern with the heat-treatment 
process is spheroidization, which can lead to breaking 
of filaments that degrades mechanical and electrical 
(b) 
Figure 3. Backscattered electron micrographs of Al/Ca (11.5 vol. %) composite transverse cross section with pure Ca filaments: (a) f) = 6. 74, (b) f) = 9.67 
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(a) (b) 
Figure 4. Backscattered electron micrographs of AVCa (11 .5 vol.%) composite longitudinal cross section at f) = 9.67: (a) pure Ca filaments, (b) Al2Ca 
reinforcement after heat treatment 
properties . Based on micrographs at various strain lev-
els , it appears that this did not occur and that the fila-
ments remained intact. 
One of the intended consequences of transformation 
was the growth of the secondary phase from 11 . 5 vol.% 
Ca to 18 vol.% Al2Ca. The micrographs in Figure 4 
clearly show a change in the filament size (dia.) with a 
measured increase in thickness from 0.9 µm to 1.5 µm 
for the selected strain level. This difference is very close 
to what is expected, indicating that the transformation 
to Al2Ca is essentially complete, as confirmed by DSC 
(above) and XRD .4•5 
During swaging or drawing, the filament size decreas-
es exponentially by a factor directly related to the reduc-
tion in the overall wire cross section according to 
Equation 1. Filaments are able to deform with a consis-
tent thickness since Al and Ca have nearly equal flow 
stresses; avoiding problems with a softer phase flowing 
around a harder second phase. 6•18 Filament size and 
spacing are critical parameters that affect the perfor-
mance of DMMCs and allow comparison of small lab 
scale specimens to potential full-size extrusions on the 
basis of true strain. As reported here , DSC and SEM 
confirmed that the transformation was completed but 
not excessive, enabling the study of modified perfor-
mance properties . 
Electrical Conductivity of Al/Ca (11.5 vol. %) and 
A1/Al2 Ca (18 vol.%) Composites 
Given the intended application of Al/Ca conductors, 
conductivity is a critical property in evaluating the com-
mercial viability of such conductors. The primary 
advantage of this material is the absence of a highly 
resistive steel core needed for strength in conventional 
conductors (ACSR). This monolithic construction allows 
for high conductivity across the entire cross section of 
Volume 53, No . 4 , 201 7 
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the conductor with the direction of current flow being 
parallel to the filaments. Figure 5 shows results for con-
ductivity measurements on both unconverted wires and 
those that have been transformed at various strain lev-
els. The error bars shown include the propagation of all 
relevant measurement errors , including wire size, mak-
ing the value for smaller wires less certain. 
At low strain levels the conductivity is very close to 
the rule of mixtures prediction for the given formula-
tion , since current flows across the entire cross section 
and the filament size is significantly larger than the 
mean free path of electrons. Tian et al. have studied the 
numerous scattering mechanisms in DMMCs and 
shown that by reducing the filament thickness and 
spacing, there is an increase in interface and grain 
boundary scattering that reduces the conductivity of 
the material. 19 These mechanisms have been shown to 
exist in previous generations of Al/Ca composite5 and 
are clearly present here. 
36 
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Figure 5. Electrical conductivity of third-generation Al/Ca (11 .5 vol.%) 
composite before and after transformation of filaments to Al2Ca intermetal/ic 
at various strain levels 
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The effect on conductivity of the transformation of the 
filaments to Al2Ca is evident, i.e ., a diminished value, 
but it was found to be small. For the wires subjected to 
the greatest level of deformation in this study (TJ = 12. 7) 
the measured drop in conductivity was less than 1 %. 
Al/Ca (20 vol.%) showed similar behavior to the materi-
al in this study for unconverted wires, but saw severe 
degradation after heat treatment. 5 This drop off in con-
ductivity can be attributed to a large fraction (32 vol.%) 
of the cross section being occupied by A12Ca after trans-
formation . With the reduced loading of Ca in Al/Ca 
(11.5 vol.%), the transformation has a less significant 
impact on the increase in interfacial area, and therefore 
the influence of interface scattering is not greatly affect-
ed. Even with this consideration, the very slight reduc-
tion that does not agree with (is well above) the ROM 
expectation for Al/ Al2Ca (18 vol.%) is a pleasant sur-
prise. This minimal decrease in conductivity seems a 
worthwhile sacrifice in exchange for the high-tempera-
ture stability that the intermetallic phase provides. 
With complete transformation to Al2Ca, the composite 
conductor material will have an increased upper-use 
temperature making it resilient even during emergency 
overloading situations. 12 
Tensile Strength of Al/Ca (11.5 vol.%) and Al/Al2Ca (18 vol.%) Composites 
While decreasing the filament size by mechanical 
working lowers the conductivity of the composite, the 
primary motivation for doing this is to benefit from the 
unique strengthening mechanism of DMMCs. Typically, 
metal matrix composites exhibit strengths that are lin-
early dependent on the volume fraction of the reinforce-
ment phase. The earliest Cu-Nb DMMCs produced by 
Bevk et al. showed that extensive deformation of rein-
forcements could lead to an exponential increase in 
strength that greatly exceeded rule of mixture predic-
tions . 3 Study of the first generation of Al/Ca (9 vol.%) 
composite showed this strengthening effect, but was 
limited by the large size (1.2 mm) of the Ca granules 
that did not allow filaments to reach the sub-microme-
tre level.4 The Al/Ca (20 vol.%) exhibited an ultimate 
tensile strength (UTS) of 4 76 MPa exceeding the strength 
of all current commercial cable technologies. This was 
enabled by a smaller Ca powder size (<200 µm) and a 
relatively high reinforcement fraction. 5 The 11.5 vol.% 
Al/Ca composite had a reduced loading of Ca to facili-
tate the volume expansion of filaments upon transfor-
mation to Al2Ca. Figure 6 shows representative 
stress-strain curves for Al/Ca (11.5 vol.%) and convert-
ed Al/ A12Ca (18 vol.%) composites from tensile testing 
of0.2 mm wires (ri = 11.5). 
16 
It is evident from the tensile test curves in Figure 6 
that samples with intermetallic reinforcement fibers 
300 
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Figure 6. Stress-strain curves for 0.2mm (r/ = 11.5) Al/Ca {11 .5 vol. %) and 
Al/Al2Ca (18 vol. %) 
have superior strength to unconverted wires for this 
given level of deformation true strain. These trends are 
representative of other wires sizes that showed very 
similar behavior with increasing strength and apparent 
retention of ductility. Figure 7 shows the fracture sur-
faces for wires that underwent the tensile testing depict-
ed in Figure 6. 
The fracture surfaces seen in Figure 7 exhibit classic 
dimples in the Al matrix typical of fibrous ductile frac-
ture . 20 Surprisingly, the composite still demonstrates 
ductile behavior after conversion to intermetallic rein-
forcement even while achieving increased ultimate ten-
sile strength. This could be very beneficial during both 
operation and winding of the cable. Figure 8 shows the 
exponential relationship between deformation true 
strain and UTS for as-drawn and converted wire sam-
ples at various strain levels compared with other con-
ductors that would be suitable for HVDC transmission. 
The existing commercial wires used for comparison are 
shown in Table III. 
The influence of filament size and fractional loading 
suggests that interfacial area plays a major role in 
strengthening the composite. Study of early DMMCs 
has shown that interphase boundaries act as barriers 
to dislocation glide leading to interface strengthening.3 
This effect causes strength to increase sharply at high 
strains, which has been successfully modeled by a 
modified Hall-Petch barrier model for previous Al/Ca 
composites. 4•5•17 Based on measurements of filament 
thickness , the dependence on true strain was assumed 
to be ideal following the relationship of Equation 2 
where d0 is the starting Ca size. 
(2) 
Using the calculated thickness from Equation 2 and 
the measurements of UTS, Hall-Petch relationships 
were determined for both as-drawn and transformed 
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(a) (b) 
Figure 7. Fracture surfaces of 0.2 mm (r] = 11.5) tensile specimen: (a) pure Ca filaments, (b) Al2Ca reinforcement after heat treatment 
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Figure 8. Tensile strength of Al/Ca (11 .5 vol. %) and Al/Al2Ca (18 vol.%) with 
Ha/I-Petch model fitting 
TABLE Ill. COMMERCIAL OVERHEAD TRANSMISSION CABLES11 
ACSR Aluminum Conductor Steel Reinforced 
ACCC Aluminum Conductor Composite Core-CTC Global© 
ACCR Aluminum Conductor Composite Reinforced -3M© 
AGAR Aluminum Conductor Alloy Reinforced 
wires shown by Equation 3 and 4, respectively. 
UTS = -10.7 + l~~. O (3) 
UTS = 32.3 + 1 ~~· 8 (4) 
The evident strengthening effect from conversion of 
the reinforcement phase to intermetallic was expected 
due to the increase in interfacial area upon volume 
expansion of the filaments . It has been shown that both 
the material and composition of the reinforcement 
phase in aluminum matrix DMMCs influence the ulti-
Volume 53, No. 4 , 2017 
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Figure 9. Tensile strength of Al/Ca (11.5 vol.%) and Al/Al2Ca (18 vol.%) with 
true strain adjustment 
mate tensile strength of the composite. 4•2 1•22 When 
compared with Al/Ca (20 vol.%) and Al/Ca {11.5 vol.%), 
it appears that the filaments being comprised of Al2Ca 
rather than Ca has little effect, and the volume of rein-
forcement is the dominant factor. The curves for these 
wires have a very similar shape and differ by an offset 
for most strain levels. Nevertheless , this direct compar-
ison of as-drawn and transformed wires fails to account 
for the impact of volume expansion on the effective true 
strain; however, but the heat treatments are likely to 
reduce dislocation densities to low values. Measure-
ments of the wire cross-section from SEM micrographs 
for various wire sizes indicate that the expansion of fil-
aments does not appreciably change the overall dimen-
sion. The consequence of this finding is that the filament 
thickness calculated by Equation 2 needs to be adjust-
ed by a factor related to the volume expansion of the 
filaments . By implementing this change, the effective 
true strain is reduced and the measured strength val-
ues are shifted to the left as shown in Figure 9. 
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The major conclusion from analyzing the tensile 
strength with this adjustment is that A12Ca is a more 
effective reinforcement material than pure Ca. At high 
effective true strain levels (rp 11), A12Ca reinforced com-
posite is expected to be stronger than Al/Ca wires con-
taining a greater reinforcement fraction. Further study of 
the material properties of the A12Ca compound is neces-
sary in order to utilize more advanced modeling tech-
niques that incorporate the individual contributions 
from each phase to predict the strength.23 From a practi-
cal standpoint, comparing unconverted and transformed 
wires on the basis of effective true strain is not ideal, as 
this would necessitate a larger starting extrusion billet 
size for converted wires that are of the same size. For 
composites including two ductile phases such as the 
Al/Ca system, strains as high as 16 can be reached with-
out fracturing, but in so doing one must be mindful of 
the need to balance the tradeoff between strength and 
conductivity. In addition to these considerations, the 
highest attainable strain level seems to be dictated main-
ly by the starting billet size and ram force of the commer-
cial extrusion capabilities that are available. 
CONCLUSIONS 
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• An Al/Ca (11.5 vol.%) composite with nano-fila-
mentary reinforcement was produced by powder 
metallurgy and deformation processing to a maxi-
mum true strain of 12.7. 
• Differential scanning calorimetry identified the 
temperature at which Al4Ca and Al2Ca intermetallic 
compounds are formed and the dependence on true 
strain for these events. 
• SEM micrographs showed similar ribbon-shaped 
filaments seen in prior generations of Al/Ca com-
posite and the development of a complex morphol-
ogy after extensive deformation processing. 
• After transformation of the reinforcement phase, 
volume expansion occurred producing Al/ Al2Ca 
(18 vol.%) composite. Longitudinal micrographs 
revealed no significant filament coarsening or 
spheroidization. 
• The electrical conductivity decreased with reduced 
filament spacing at high true strains. The transfor-
mation of filaments to Al2Ca caused the conductiv-
ity to drop by less than 1 % for wires subjected to 
the greatest level of deformation in this study 
(ri = 12.7). 
• The ultimate tensile strength of as-drawn Al/Ca 
(11.5 vol.%) composite increased with deformation 
true strain due to the strong influence of interface 
strengthening, which is well described by a modi-
fied Hall-Petch barrier model. The UTS increased 
upon transformation of the secondary phase due to 
the increase in interfacial area and presence of a 
stronger reinforcement phase, but retention of a 
remarkable ductility also was found , even in the 
strongest wires . 
• Al/ Al2Ca composite wires show promise to exhibit 
strength superior to current cable technologies 
combined with high electrical conductivity, low 
density, and high temperature performance mak-
ing them excellent candidates for use as HVDC 
transmission conductors. 
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